Au impact on GaAs epitaxial growth on GaAs (111) B GaAs growth behaviour under the presence of Au nanoparticles on GaAs {111} B substrate is investigated using electron microscopy. It has been found that, during annealing, enhanced Ga surface diffusion towards Au nanoparticles leads to the GaAs epitaxial growth into {113} B faceted triangular pyramids under Au nanoparticles, governed by the thermodynamic growth, while during conventional GaAs growth, growth kinetics dominates, resulting in the flatted triangular pyramids at high temperature and the epitaxial nanowires growth at relatively low temperature. This study provides an insight of Au nanoparticle impact on GaAs growth, which is critical for understanding the formation mechanisms of semiconductor nanowires. Rational design and fabrication of semiconductor nanowires as building blocks for functional materials and devices are the key to tailoring properties for specific applications in future electronic and optoelectronic devices, 1-3 such as chemical and biological sensors, 4 electronics, 5, 6 and lasers. 7 Fundamental understanding of the catalyst behaviours in the fabrication of nanowires will further enable the rational growth of nanowires. It has been well documented that vapor-liquid-solid (VLS) mechanism 8 is an effective approach to grow nanowires. Especially, metallic nanoparticles used to assist nanowire growth as catalysts in the VLS model, together with their physical and chemical characteristics, play a key role in determining the crystal structures, chemical compositions, and orientations of nanowires. 9, 10 Different metal nanoparticles, such as Au, 11 Fe, 12 Pt, 13 Pd, 14 and Ga 15 have been used to catalyst nanowire growth. 16 Among all kinds of metallic catalysts, Au has been commonly used to catalyze the growth of semiconductor nanowires 9,17 and nanowire heterostructures. [18] [19] [20] There are several approaches to prepare Au catalysts, such as aerosolgenerated Au particles, 21 colloidal Au particles, 22,23 electron beam lithography defined Au particles, 24 and Au particles generated by annealing of thin films. 25, 26 Of these approaches, the thin film generated Au nanoparticles (TFA) is a simple and cost-effective approach, in which the Au nanoparticles are realized by decomposition of the Au thin films into nanoparticles during annealing process. Simultaneously, the annealing may remove the surface oxidation in order to obtain a pristine surface and may form alloyed droplets for catalyzing semiconductor nanowires. For nanowires catalyzed by the TFA particles to be practically useful, it is necessary to fundamentally understand the Au behaviour on the semiconductor substrates before nanowire growth, which is critical for understanding the formation mechanisms of semiconductor nanowires. In the case of annealing Au thin films on Si (001) substrates, complex Au-Si droplet behaviour and different surface nanostructures have been observed. 27, 28 On the other hand, the structural behaviour of interfaces between Au thin films and GaAs substrates has been investigated because this system has been consequently used as ohmic contacts. 29, 30 However, detailed role of Au nanoparticles on the GaAs surfaces during the annealing is not clear, although the evolution of Au containing droplets in Au coated GaAs substrates depends strongly upon the environmental conditions. As a consequence, it is critical to determine the Au behaviour from view-points of fundamental understanding and technological applications.
In this study, we investigated the Au behaviour during the annealing of Au coated GaAs (111) B substrate, and consequent growth of GaAs at different temperatures in a molecular beam epitaxy (MBE) system. Since the formation of Au alloyed nanoparticles can be a complex process, the employment of the high-vacuum MBE system will minimize the potential contamination and thus simplify the complexity. By carefully designed experiments, we demonstrate extraordinary surface nanostructures formed during annealing and evolved by consequent GaAs growth. Through detailed structural characterization by using electron microscopy, the formation mechanism of the observed surface nanostructure is explored.
Three samples of Au thin film coated GaAs {111} B substrates were prepared in a Riber 32 MBE system. For sample A, a 500 nm thick GaAs buffer layer was first grown on the GaAs {111} B substrate at 550 C to improve the surface smoothness. After that, the substrate was transferred into the deposition chamber, and a 0.5 nm thick Au thin film was then deposited on the top of the GaAs buffer layer by the vacuum thermal evaporation. The Au coated GaAs was then transferred to the MBE's growth chamber and the annealing was carried out at 550 C in the As ambient for 5 min. the annealing, the sample was cooled down to room temperature naturally under the As ambient. For samples B and C, identical procedure was carried out except, after annealing, the growth of GaAs was carried out at 500 C for 60 min for sample B and at 350 C for 20 s for sample C, respectively, both with a V/III ratio of 40.
The morphological characteristics of annealed and grown nanostructures were investigated by scanning electron microscopy (SEM, JEOL 7001 F, operated at 15 kV), and their detailed structural and chemical characteristics were characterized using transmission electron microscopy [TEM, Philips Tecnai F20, operated at 200 kV, equipped with energy dispersive spectroscopy (EDS)]. The cross-section TEM specimens were prepared by first mechanical thinning, followed by ion-beam thinning using a Gatan precision ion polishing system. Figure 1 shows typical SEM images of three samples, viewed from the top (the electron beam is parallel to the surface normal) and from the side (the electron beam is almost parallel to the surface with a slightly tilt in order to determine the lateral distribution of the Au nanoparticles). 1(a) and 1(e) indicates that the pyramid bases in sample C have similar morphology as those in sample A. However, the side-view SEM image shows short nanowires, meaning that the relatively low growth temperature leads to the onedimensional nanowire growth.
It is well documented that the natural cleavage plane of zinc-blende GaAs is {110} planes, 31 which can be used to determine the crystal orientation of triangular pyramids. By comparing the triangles with the {110} cleavages shown in Figs. 1(a) and 1(c) , their crystallographic orientation relationship can be determined. In these two top-view SEM images, the bottom edges of triangular pyramids are paralleled to h110i directions on the substrate surface. Based on this information, the facets of truncated triangular pyramids in both samples can be determined as {11 N} planes with N being an integer.
To determine the detailed structural and chemical characteristics of obtained nanostructures, cross-sectional TEM investigations were performed. Figure 2(a) is a low-magnification cross-sectional TEM image of sample A, and shows that the surface between pyramid-like bases is flat, indicating that there are no island/layer overgrowths on the substrate except pyramid bases underneath the Au nanoparticles. Figure 2 Figure 2(d) is a h110i high-resolution TEM image of a typical Au nanoparticle with induced nanostructure underneath, where a GaAs section of 15 nm in height is seen, which has a similar morphology with section II in Fig. 2(b) . The insets in Figs. 2(b) and 2(d) are selected area electron diffraction patterns taken along the h110i zone axis from both samples, confirming that the crystal structure of both sections is zinc-blende structure (same as the crystal structure of the substrates), and has the identical crystallographic orientation with the substrate, so that the growth of sections I and II is truly epitaxial. Figure 2 (e) is a h110i high-resolution TEM image of a typical nanowire in sample C and Fig. 1(f) is the corresponding fast Fourier transform (FFT), in which a 30 nm wurtzite structured nanowire section is epitaxially grown on a zinc-blend structured pyramid base [incorporated in Fig. 1(e) ]. By comparing with samples A and B, the distinct feature of sample C is that no section II is found in the nanowires.
To determine N, we note the asymmetrical projected angles of section I with its underlying GaAs substrate shown 
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Liao et al. Appl. Phys. Lett. 102, 063106 (2013) in Fig. 2(b) [note that Fig. 2(b) is taken along a h110i zone axis from a cross-section TEM specimen]. From Fig. 2(b) , a 30 and b 16 can be measured. By crystallographic calculation, facets of the triangular pyramid surfaces in sample A can be determined as { 1 1 3}, with the edge of any two adjunct { 1 1 3} planes being along h 1 1 4i. Based on this analysis, a three-dimensional structural model for the triangular pyramids from sample A can be drawn, and illustrated in Fig. 3(a) . In this model, two sections observed in sample A are shown: at the bottom, a { 1 1 3} faceted triangular pyramid standing on the substrate. Above that, section II is shown under the Au nanoparticle. Figure 3(b) shows the projection of the model along a h110i direction, in which the projected angles are in excellent agreement with measured a and b. For sample B, the projected angles in cross-sectional TEM images are small and vary, as shown in Fig. 2(c) , which cannot be assigned with any specific crystal facets, indicating that, after the additional GaAs growth at high temperature, although triangular pyramids remain, but the facets disappear.
To understand the formation of triangular pyramids [section I shown in Fig. 2(b) ], two issues need to be addressed. The first issue is how and why a large amount of Ga is attracted to the Au nanoparticles under the As ambient at 500 C. The second issue is why { 1 1 3} surface facets are formed as triangular pyramid bases in sample A. To address the first issue, we note that, due to the easy evaporation of As from the GaAs substrate, particular at high temperature (>500 C), the bounding of Ga atoms to the GaAs substrate becomes loose, leading to easy surface diffusion of Ga atoms. 32 In our case, the annealing temperature was 550 C, so that strong Ga atoms surface diffusion is expected. Meanwhile, it has been reported that (1) Au may attract a large amount of Ga even at 250 C, 33 and (2) the maximum diffusion length of Ga atoms on GaAs {111} B surface has been estimated at 5 lm at 500 C, 34 so that a significant amount of Ga atoms can be attracted towards to the Au nanoparticles at the annealing temperature of 550 C. It should be noted that, in our study, the Au was deposited on the GaAs buffer layer within the MBE system, the surface of GaAs buffer layer must be clear from possible oxidation, which makes the surface diffusion of Ga atoms much easier. To address the 2013) second issue, we anticipate that, at the initial stage, Au nanoparticles absorb Ga to form Au-Ga alloys. When the Ga concentration in the alloy reaches to a certain level, the Au-Ga alloys become droplets. After the saturation is met with increasing Ga in the droplets, no further Ga can be absorbed by the droplets. In the presence of As vapour, the remaining aggregated Ga forms GaAs crystals with As vapour on the GaAs substrate epitaxially. According to crystallography of the zinc-blende structure, {113} B facets have relatively low surface energy under As-rich environment. 35 In the case of growing aggregated GaAs on {111} B surface epitaxially, formation of {113} B surface facets is then thermodynamically preferred, in which the Ga source comes only from the Ga surface diffusion. For the {111} B surface, 3 possible equivalent {113} B surface facets formed as triangular pyramids. Specifically, the ( 1 1 3), ( 1 3 1), and ( 3 1 1) surface facets should be formed on the ( 1 1 1) surface. When Ga source is switched on after the annealing (in the case of sample B), GaAs growth takes place, preferentially on the entire ( 1 1 1) surface. It is necessary to note that, at high growth temperatures, the GaAs growth dominates through the twodimensional growth over the one-dimensional nanowire growth. 36 Due to the pre-existing {113} B faceted triangular pyramids associated with Au droplets, GaAs growth tends to flat the pyramids since we believe that, in this case, the GaAs growth is governed by kinetics (under high temperature growth and strong Ga supply), resulting in flatted but extended triangular pyramids, as shown in Figs. 1(d) and 2(c) . On the other hand, the similarity of pyramid bases found in samples A and C suggests that the comparatively low temperature growth can substantially restrict Ga surface diffusion.
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Another remarkable fact is that the morphological and structural characteristics of section II for samples A and B are almost identical. This suggests that the formation of this section should take place under similar condition. Taking this and the fact that the section II is formed last into account, we anticipate that section II is formed during the cooling after annealing or the growth process. 37 During the natural cooling under the As ambient, the Ga in the Au-Ga alloyed droplets is expelled from the droplets and reacts with As to form GaAs on top of their underlying substrate (in this case, the top of the triangular pyramids). It is of interest to note that no section II is found in sample C. To understand this, we carried out extensive EDS analyses for the catalysts. It has been determined that the Ga concentrations in the post growth catalysts are 10 at. % and 50 at. % for samples A and C, respectively. Since the catalysts in both cases experience the same annealing process (so that the same amount of Ga in the catalysts is expected after annealing), the disappearance of section II in sample C indicates that the Ga expelled from the Au-Ga alloyed droplets only takes place when the growth finishes at relatively high temperature, and the Ga expel should terminate by 350 C. Based on the above analysis, the formation mechanisms of how Au nanoparticles catalyzed epitaxial GaAs growth on the {111} B substrate can be proposed as follows, as schematically illustrated in Fig. 4 . When a thin layer of Au deposited on the GaAs {111} B substrate (as shown in stage I in Figure 4 ) is annealed, the Au film spontaneously breaks up into small particles. Simultaneously, Ga atoms on the surface diffuse into these Au nanoparticles to form Au-Ga alloys. When Ga concentration in the Au-Ga alloy is sufficient, the Au-Ga alloy nanoparticles transform into droplets, and eventfully, Ga concentration in the droplets saturates (as shown in stage II in Fig. 4) . At same time, the aggregated Ga reacts with As, and forms GaAs near the Au droplets. Under   FIG. 4 . Schematic diagram of how a spontaneously formed Au nanoparticle affects the formation of epitaxially grown GaAs during annealing (Ga source absent) and GaAs growth (with Ga source).
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Liao et al. Appl. Phys. Lett. 102, 063106 (2013) the limited Ga source, the GaAs growth is governed by the thermodynamics and crystallographic requirement, leading to the formation of {113} B faceted triangular pyramids (as shown in stage III in Fig. 4 ). When natural cooling is applied (in the case of sample A), Ga in the Au-Ga droplets is expelled, and reacts with As to form a small section of GaAs under the droplets (as shown in stage IV A in Fig. 4) . If the GaAs growth takes place after the annealing, flatted triangular pyramids under Au droplets are obtained (as shown in stage IV B in Fig. 4 ) under relatively high growth temperature (in the case of sample B), while epitaxial nanowires will be grown (as shown in stage IV C in Fig. 4 ) under relatively low growth temperature (in the case of sample C). The consequent cooling of high-temperature growth will lead to the formation of GaAs under the droplets (as shown in stages V B in Fig. 4 ).
In conclusion, through carefully designed experiment (the potential surface oxidation was minimized by carrying our Au film deposition and annealing/growth in vacuum), the intrinsic impact of the existence of Au nanoparticles on GaAs {111} B substrate in GaAs growth is uncovered. It is found that, during annealing, Ga surface diffusion towards Au nanoparticles leads to the formation of {113} B faceted triangular pyramids under Au nanoparticles-thermodynamically dominated growth. For low temperature subsequent GaAs growth, the epitaxial GaAs nanowires are induced on these faceted pyramids bases, while for the subsequent high temperature GaAs growth, two-dimensional growth dominated and the faceted triangular pyramids are flatted. The final cooling after high-temperature process leads to Ga in the Au-Ga alloy droplets expelled and forms a short section of GaAs under the droplets. This finding provides a new insight of how the existence of Au nanoparticles affects the GaAs growth, which is essential for ultimately understanding the nanowire growth.
